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Introduction

The limited amount of donor sites for skin autotransplanta-
tion is a constant problem in the therapy of extensively 
burned patients. While full-thickness burns are resurfaced 
with split-thickness skin autografts, deep dermal burns are 
usually covered with biological or synthetic covers (dress-
ings). Wound covers work as temporary substitutes. If the 
wound does not heal spontaneously, they have to be 
replaced with the patient’s own skin.

The ideal wound cover should be elastic, be optimally 
adhesive, be nontoxic, prevent external infection, and copy 
the surface of underlying structures. In addition, it should, 
like native extracellular matrix (ECM), support growth of 

both dermal fibroblasts and overlying keratinocytes, leading 
to skin restoration without contraction.1 The success of heal-
ing is highly dependent on the properties of the wound 
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cover, especially its ability to support keratinocyte prolifera-
tion and differentiation.1 Only a few sophisticated biomate-
rials allow sufficient cell adhesion, which is the prerequisite 
of cell proliferation.2 A host of modern wound covers have 
recently become available and are commonly used in clini-
cal practice. However, the properties and applicability of the 
wound covers differ significantly, being primarily influ-
enced by the materials used and the manufacturing process 
of the dressing material. Acellular wound covers (i.e. free of 
living cells) may be produced from (1) biological materials, 
(2) synthetic (man-made) materials, or (3) composite mate-
rials (containing two or more components either biological 
or synthetic).3 Composite and synthetic materials allow bet-
ter control over the composition of the dressing and the pro-
duction process; yet, there is a higher risk of cytotoxicity or 
bioincompatibility.4 On the other hand, the biologic materi-
als are likely to be more similar to native ECM, allowing 
more natural new dermis to be formed.

The aim of our study was to evaluate whether the 
material composition and manufacturing procedure may 
influence the formation of neoepidermis, which is one of 
the crucial factors of the wound healing. Therefore,  
we have compared five marketed biological or biosyn-
thetic wound covers (Table 1) of biologic (Xe-Derma®, 
Xenoderm®), biosynthetic (Veloderm®), synthetic 
(Suprathel®), or composite (Biobrane®) origin concern-
ing their ability to stimulate the keratinocyte growth, 
stratification, and differentiation in vitro. The common 
clinical feature of all compared dressings is either spon-
taneous detachment without the need for changing the 
cover (Biobrane, Suprathel, Xe-Derma) or smooth pain-
less removal (Veloderm, Xenoderm), both preventing 
further traumatization once applied. The common biome-
chanical feature of all these compared dressings is the 
possibility to grow cells on their surface.

The comparison of growth and stratification was based 
on histological evaluation of the structure of epidermis 
(keratinocyte layers) grown on the cover surface at the 
medium–air interface (organotypic culture system).5 In 
addition, we assessed the expression and distribution of 
involucrin—a keratinocyte differentiation marker, typi-
cally expressed in the terminally differentiated cells in the 
granular and horny layers of normal epidermis.

Materials and methods

Design of the study

This was an exploratory, comparative study, employing 
blinding procedures during both the cultivation process 
and evaluation of images. To avoid conclusions based on 
accidental factors, the study was performed as a series of 
three successive independent experimental waves, each 
obeying the same procedures. The study obtained the 
approval of the Ethics Committee of the 3rd Faculty of 
Medicine, Charles University, Prague.

Keratinocyte cultivation

Human primary keratinocytes were obtained from redun-
dant skin of one 24-year-old male donor undergoing plastic 
surgery. The samples of wound dressings sized 3 cm2 were 
placed into 60-mm tissue culture dishes filled with a stand-
ard culture medium (Hank’s Minimum Essential Medium, 
H-MEM, enriched with non-essential amino acids, 0.12 g/L 
sodium pyruvate, 1 g/L NaHCO3, 10% bovine serum)6 and 
kept prior to cultivation overnight at 37°C. Keratinocytes 
were cultured by the 3T3 feeder layer technique.6–9 Briefly, 
lethally irradiated NIH-3T3 cells, used as a feeder layer, 
were seeded to the tissue culture flask at a concentration of 
2.5 × 104 cm−2. The keratinocytes were grown on the 3T3 
feeder cells in the keratinocyte medium (standard culture 
medium enriched with 2% fetal bovine serum, hydrocorti-
sone 0.5 µg/mL, cholera toxin 10−10 M and epidermal 
growth factor (EGF) 5 ng/mL (all Sigma–Aldrich, USA), 
and insulin 0.12 U/mL (Novo Nordisk, Denmark)) to sub-
confluence. Keratinocytes in the second passage were 
seeded at a concentration of 5 × 104 cells/cm2 on the wound 
dressings containing 3T3 cells and cultured at 37°C in 3.5% 
CO2 atmosphere. After reaching confluency, the wound 
dressing was lifted to the air–medium interface on a stain-
less steel grid covered with two layers of sterile gauze and 
subsequently cultured for the next 7 days.6,9 Critical manip-
ulations with the cell cultures (addition of feeder cells, lift-
ing of the dressings with cell layers to the air–liquid 
interface, medium changing) were performed by laboratory 
staff who did not know the identity of the products.

Table 1.  Basic features of the compared products.

Cover brand Manufacturer Origin of material

Biobrane® UDL Laboratories Inc., 
USA

Composite (silicon, nylon, porcine dermal 
collagen)

Suprathel® PolyMedics Innovations 
GmbH, Germany

Synthetic (copolymer of polylactide, 
trimethylene carbonate and ε-caprolactone)

Veloderm® BTC Srl, Italy Synthetic (cellulose microfibrils)
Xe-Derma® MEDICEM Technology 

s.r.o., Czech Republic
Acellular porcine dermis

Xenoderm® MBP GmbH, Germany Acellular porcine dermis
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Histology

Specimens of wound covers with cultured keratinocytes 
were fixed in 4% buffered formaldehyde and processed by 
routine histological procedure. Paraffin sections were 
mounted on glass histological slides and used for hematox-
ylin–eosin staining and immunostaining for involucrin 
(Novocastra, UK).9,10

Assessment of keratinocyte layer characteristics

1.	 Narrative evaluation of images based on the most 
representative set

On the basis of global impression, the most representative 
image out of all three experimental waves was selected for 
each of the wound covers. A narrative description of the 
respective images was then provided, integrating both 
hematoxylin–eosin staining and immunostaining for invo-
lucrin. This assessment was focused on evaluation of the 
number of cell layers and the degree of cell differentiation.

2.	 Assessment of quantitative variables using the 
“best” image set

To support the validity of the evaluations, all quantitative 
assessments were performed separately for each of the 
three experimental waves and subsequently averaged. 
First, for each experiment and dressing, the “best” hema-
toxylin–eosin-stained image (showing the thickest contin-
uous keratinocyte layer) was selected. All images were 
printed using the same scale. Each of the selected images 
was then split to nine adjacent columns (Figure 1). Within 
each column, three variables were assessed: (1) the num-
ber of keratinocyte strata, as a measure of the stratification 
level; (2) the number of keratinocyte nuclei, as a measure 
of cell proliferation; and (3) the thickness of the keratino-
cyte layer, as a measure of the overall cell mass of neoepi-
dermis. The latter two assessments were performed 
separately by two independent raters and then averaged.

Statistical evaluation

The data of the primary variable, the number of strata, 
were submitted to statistical evaluation mutually compar-
ing data of all pairs of covers. To prevent the effect of 
simultaneous statistical inference, the Bonferroni adjust-
ment of p values was applied.

Results

A narrative description of the representative 
images

The cultivation on Biobrane generated no more than one 
stratum of keratinocytes (Figure 2). The sections were 

extremely fragile, preventing cohesion of the cell layer. 
The immunohistochemical staining was not successful.

Suprathel allowed formation of one to three layers of 
keratinocytes, present in the form of cuboidal cells in the 
basal layer, and mixture of cells and cell exudate in the 
second and third layers. Staining for involucrin showed 
that all cells were terminally differentiated (positive for 
involucrin, inv+).

Veloderm allowed formation of one to three layers of 
keratinocytes. Cells in the basal layer were negative for 
involucrin (inv−). Wherever the second or second and 
third layers were formed, the respective cells were termi-
nally differentiated (inv+).

The keratinocytes cultured on Xe-Derma lead to a mul-
tilayer structure with up to 12 strata, differentiated in the 
epidermis-like manner. Similarly as in the normal skin, the 
lower one to three layers were negative for involucrin 
(inv−), while the suprabasal layers were positive (inv+).

Keratinocytes grown on Xenoderm formed three to six 
layers with epidermis-like stratification, with some 
keratinocyte “nests” in the dermal matrix, originating from 
the migrating keratinocytes. Staining for involucrin showed 
rather early terminal cell differentiation.

Results of quantification of the “best” images

Tables 2–5 show the results of quantification, averaging all 
three waves of the experiment.

The Biobrane specimens of Wave 3 did not allow reli-
able evaluation; hence, some data on Biobrane are only 
tentative and were not entered in the tables. The keratino-
cytes hardly formed one stratum, which is 79% less than 
the mean number of strata calculated for all covers and 

Figure 1.  Splitting the enlarged picture of a paraffin section 
stained by hematoxylin and eosin to nine equivalent columns 
for assessment of keratinocyte layer parameters. The columns 
allowed easy quantification of keratinocyte strata, number of 
keratinocyte nuclei, and thickness of the keratinocyte layer. 
The sum over all columns yielded a value valid for the whole 
section.
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experiments. The count of the keratinocyte nuclei per col-
umn was about 0.3, which is 97% less than the mean of all 
covers. Furthermore, the thickness of the keratinocyte 
layer was 10.4 µm, which is 64% less than the mean thick-
ness calculated from the values of all substitutes.

The counting of keratinocyte strata of Suprathel and 
Veloderm showed the average number of 2.1 and 2.2, 
respectively (36% and 33% less than the mean of all cov-
ers). The counts of nuclei per image column on Suprathel 

and Veloderm samples were 6.3 and 6.2, respectively (38% 
and 39% less than the mean of all covers). The thickness of 
the keratinocyte layer was 12.6 and 13.9 µm, respectively, 
which is 56% and 55% less than the mean thickness calcu-
lated from the values of all dressings.

On average, cultivation on Xe-Derma resulted in 7.3 
keratinocyte strata (126% above the mean of all covers) 
and reached the number of 18.1 keratinocyte nuclei per 
image column (78% above the mean of all covers).  

Figure 2.  Keratinocytes cultured in organotypic culture system on different wound dressings. Keratinocytes culture was kept 
submerged for 1 week, then lifted to the air–medium interface and cultured for another week. For each dressing, a representative 
picture was selected. Left: Hematoxylin and eosin staining. Right: Involucrin immunostaining. A reference picture of normal skin was 
added (bar: 50 µm).
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The thickness of the keratinocyte layer was 59.4 µm, which 
exceeds the mean thickness calculated from the values of 
all dressings by 106%.

Application of Xenoderm led to development of the 
average number of 3.9 keratinocyte strata (21% above the 
mean of all wound covers) and 10.1 keratinocyte nuclei 
per image column (1% less than the mean of all dressings). 
The thickness of the keratinocyte layer was 30.5 µm, which 

exceeds the mean thickness calculated from the values of 
all dressings by 6%.

Statistical evaluation of the primary variable, number 
of strata (Table 2), revealed that Xe-Derma formed signifi-
cantly (p < 0.05) more strata than any other cover, except 
Xenoderm. However, in contrast to Xe-Derma, Xenoderm 
did not show any statistically significant difference from 
any cover studied.

As a convenient measure of each dressing’s relative 
position, the results of the respective dressings in terms of 
a percent difference from the average of all dressings in the 
experiment were calculated; the results are presented in 
Figure 3.

Discussion

An essential prerequisite for the proliferation of skin cells is 
cell attachment.2 It is achieved by the presence of collagen11 
or other material showing similar adhesiveness.5 Stratification 
and sufficient differentiation appear only on materials with 
biological activity, for example, acellular dermis5 or a dermal 
equivalent—collagen populated with fibroblasts.12,13

The most widely used skin wound covers—based on 
hydrogels or paraffin gauze—protect the wound but do not 
stimulate the epithelization. In this study, five innovative 
products, declaring stimulating effect on wound epitheli-
zation, were compared for their ability to support growth 
and stratification of keratinocytes in 3D cultures at the air–
medium interface.

Table 2.  Results of evaluation of images for the count of keratinocyte strata.

Product 
trade name

Wave of the 
experiment

Count of keratinocyte 
strata (sum of nine 
columns)

Count of keratinocyte 
strata (average over all 
waves and columns)

Biobrane® Wave 1 9  
  Wave 2 9  
  Wave 3 missing  
  All waves 18 1.00
Suprathel® Wave 1 24  
  Wave 2 18  
  Wave 3 14  
  All waves 56 2.07
Veloderm® Wave 1 9  
  Wave 2 32  
  Wave 3 17  
  All waves 58 2.15
Xe-Derma® Wave 1 91  
  Wave 2 54  
  Wave 3 52  
  All waves 197 7.30
Xenoderm® Wave 1 46  
  Wave 2 37  
  Wave 3 23  
  All waves 106 3.93

Table 3.  Statistical evaluation of differences in number of 
keratinocyte strata.

Cover brand Pooled variance

  t value df p valuea

Biobrane® vs
  Suprathel® −0.81 9 N.S.
  Veloderm® −0.86 9 N.S.
  Xe-Derma® −4.72 9 0.05
  Xenoderm® −2.19 9 N.S.
Suprathel vs
  Veloderm −0.06 9 N.S.
  Xe-Derma −4.38 9 0.05
  Xenoderm −1.55 9 N.S
Veloderm vs
  Xe-Derma −4.31 9 0.05
  Xenoderm −1.49 9 N.S.
Xe-Derma vs
  Xenoderm 2.82 9 N.S.

aT-tests with Bonferroni adjustment for multiple testing.
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The results showed marked differences among the eval-
uated wound covers in supporting the keratinocyte growth, 
stratification, and differentiation in vitro. These differ-
ences are likely to be related to the design of the dressing 
material. We have demonstrated that while synthetic and 
semi-synthetic dressings allowed growth of keratinocytes 
in a monolayer, biological dressings, Xe-Derma and 

Xenoderm, induced a multilayer growth, mimicking strati-
fication of normal skin.

The composite dressing Biobrane is a semipermeable 
silicone film with a nylon fabric, chemically binding 
reconstituted porcine dermal collagen. Since it results in 
formation of only a fragile single keratinocyte stratum, its 
efficacy in supporting keratinocyte proliferation when 

Table 4.  Results of evaluation of images for the keratinocyte layer thickness.

Product 
trade name

Wave of the 
experiment

Keratinocyte 
layer thickness 
(mm, sum of nine 
columns), Rater 1

Keratinocyte 
layer thickness 
(mm, sum of nine 
columns), Rater 2

Average thickness 
(µm) over all 
columns and 
waves, Rater 1

Average thickness 
(µm) over all 
columns and 
waves, Rater 2

Keratinocyte 
layer thickness 
(µm), average of 
Raters 1 and 2

Suprathel® Wave 1 36 50  
  Wave 2 25 41  
  Wave 3 25 28  
  All waves 86 118 10.62 14.57 12.59
Veloderm® Wave 1 18 18  
  Wave 2 64 72  
  Wave 3 18 22  
  All waves 100 112 12.35 13.83 13.09
Xe-Derma® Wave 1 110 126  
  Wave 2 183 198  
  Wave 3 161 185  
  All waves 454 509 56.05 62.84 59.44
Xenoderm® Wave 1 100 101  
  Wave 2 82 82  
  Wave 3 66 63  
  All waves 248 246 30.62 30.37 30.49

The Biobrane® specimen data were not included due to the dressing layer fragility and too small a keratinocyte population.

Table 5.  Results of evaluation of images for the count of keratinocyte nuclei.

Product 
trade name

Wave of the 
experiment

Count of 
keratinocyte 
nuclei (sum of nine 
columns), Rater 1

Count of 
keratinocyte 
nuclei (sum of nine 
columns), Rater 2

Average count 
of keratinocyte 
nuclei per 
column, Rater 1

Average count 
of keratinocyte 
nuclei per column, 
Rater 2

Count of keratinocyte 
nuclei per column, 
average of Raters 1 
and 2

Suprathel® Wave 1 54 63  
  Wave 2 72 39  
  Wave 3 48 64  
  All waves 174 166 6.44 6.15 6.30
Veloderm® Wave 1 16 25  
  Wave 2 118 137  
  Wave 3 10 29  
  All waves 144 191 5.33 7.07 6.20
Xe-Derma® Wave 1 155 170  
  Wave 2 220 224  
  Wave 3 100 110  
  All waves 475 504 17.59 18.67 18.13
Xenoderm® Wave 1 68 73  
  Wave 2 135 136  
  Wave 3 65 67  
  All waves 268 276 9.93 10.22 10.07

The Biobrane® specimen data were not included due to the dressing layer fragility and too small a keratinocyte population.
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applied to a wounded skin area is rather modest with a 
slow onset of action.

The synthetic dressing Suprathel is a microporous lac-
tocapromer terpolymer matrix. Clinically, it is distinct by 
strong adhesive power with a marked hemostatic effect. 
Although it shows better in vitro results than Biobrane in 
terms of the number of strata, a modest level of stratifica-
tion indicates rather slow stimulation of the biological 
activity in a clinical situation.

Veloderm is a polymeric wound cover made of cellu-
lose microfibrils. The properties in the applied experimen-
tal setting are similar to Suprathel. However, the staining 
with involucrin indicates lower keratinocyte differentia-
tion. This feature may indicate longer persistence of prolif-
eration potential.

The remaining two dressings, Xe-Derma and Xenoderm, 
are both derived from acellular porcine dermis; they are 
based on natural collagen fibers and other components of 
normal dermis. The presence of collagen fibers does not 
solely provide a mechanical support, but the collagen/cell 
interactions stimulate production of a number of cytokines 
and growth factors, leading to enhanced cell proliferation 
and migration.11 This is probably the reason why they 
show better stratification in comparison to the synthetic 
wound covers.

From the clinical point of view, it is important that the 
new keratinocyte population is not damaged by changing 
the cover, since it peels off spontaneously during the 
recovery process. However, while sharing the origin from 
acellular porcine dermis, Xe-Derma and Xenoderm are 
prepared by means of different manufacturing procedures. 
Xenoderm is lyophilized, which results in disruption of the 
basement membrane, loosening of collagen fibers, and, 
consequently, rather high fragility. This brings about the 
occasional cell migration inside the dressing structure that 

we have observed. The resulting cell islands show terminal 
differentiation. On the other hand, Xe-Derma mimics the 
basement membrane by having a flat, solid, confluent sur-
face, integrating fragments of the basement membrane.10 
This feature allows optimal adherence and easy surface 
locomotion of the cells, which—together with cell/xeno-
matrix interactions—induce a high level of metabolic 
activity. We assume that it is the reason why the number of 
strata observed in neoepidermis grown on Xe-Derma is 
double and better mimicking the structure of normal skin 
in comparison to Xenoderm (Figure 2).

The best cover of a burn wound is an auto- or allograft. 
A wound cover should have the properties as close as pos-
sible to normal human skin to provide optimal stimuli for 
wound healing. It was demonstrated that human and por-
cine acellular dermal matrices show a similar structure and 
are biocompatible.14 Our previous clinical results show 
that Xe-Derma, more than hydrogel covers, vaseline 
gauze, or antibacterial silver sulfadiazine cream, acceler-
ates the recovery of burns, without the need for dressing 
changing.9,15 Moreover, Xe-Derma combined with suspen-
sion of fresh (non-cultured) autologous keratinocytes and 
other skin cells enables repeated harvest of skin from 
donor sites for autotransplantation up to five harvests in 
2-week intervals from the same location (in preparation).

Conclusion

The Xe-Derma wound cover provided the best support to 
keratinocyte proliferation and stratification in vitro com-
pared to four other wound covers of different matrix struc-
ture (Xenoderm, Veloderm, Suprathel, and Biobrane). 
Statistical evaluation using t-tests with Bonferroni adjust-
ment revealed no statistically significant difference as to 
the number of keratinocyte strata between Xe-Derma and 

Figure 3.  Results of the quantified variables, expressed as the percentage of difference between the value obtained for the 
respective covers and the mean value over all covers.
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Xenoderm. However, unlike Xenoderm, Xe-Derma pro-
duced significantly (p < 0.05) more strata in comparison to 
Veloderm, Suprathel, and Biobrane.

Furthermore, our study shows that there is a sufficient 
test-to-test reliability in using the applied in vitro model, 
opening the possibility of studying possible parallelism 
between in vitro results and clinical healing effect and, 
consequently, accelerating the development of future bio-
engineering products.

Disclosure

Eva Matoušková is an associated scientist of the MEDICEM 
Institute.

Declaration of conflicting interests

Ondrej Mestak declares no conflict.

Funding

This work was supported by the Ministry of Health of the Czech 
Republic (grant no. NT 11392-6). 

References

	 1.	 Zhong SP, Zhang YZ and Lim CT. Tissue scaffolds for skin 
wound healing and dermal reconstruction. Wiley Interdiscip 
Rev Nanomed Nanobiotechnol 2010; 2(5): 510–525.

	 2.	 Widgerow AD. Bioengineered matrices. Part 1: attaining 
structural success in biologic skin substitutes. Ann Plast 
Surg 2012; 68(6): 568–573.

	 3.	 Consensus I. Acellular matrices for the treatment of wounds. 
An expert working group review. Wounds International, 
London, 17 October 2010.

	 4.	 Van der Veen VC, van der Wal MBA, van Leeuwen MCE, 
et  al. Biological background of dermal substitutes. Burns 
2010; 36(3): 305–321.

	 5.	 Prunieras M, Regnier M and Woodley D. Methods for culti-
vation of keratinocytes with an air-liquid interface. J Invest 
Dermatol 1983; 81(Suppl. 1): 28s–33s.

	 6.	 Matoušková E, Vogtova D and Konigova R. A recombined 
skin composed of human keratinocytes cultured on cell-free 
pig dermis. Burns 1993; 19(2): 118–123.

	 7.	 Rheinwald JG and Green H. Serial cultivation of strains 
of human epidermal keratinocytes: the formation of 
keratinizing colonies from single cells. Cell 1975; 6(3):  
331–343.

	 8.	 Simon M and Green H. Enzymatic cross-linking of involu-
crin and other proteins by keratinocyte particulates in vitro. 
Cell 1985; 40(3): 677–683.

	 9.	 Zajicek R, Mandys V, Mestak O, et  al. Human keratino-
cyte growth and differentiation on acellular porcine 
dermal matrix in relation to wound healing potential. 
ScientificWorldJournal 2012; 2012: 727352(8 pp.).

	10.	 Matoušková E, McKay I, Povysil C, et al. Characterization 
of the differentiated phenotype of an organotypic model of 
skin derived from human keratinocytes and dried porcine 
dermis. Folia Biol (Praha) 1998; 44(2): 59–66.

	11.	 Brett D. A review of collagen and collagen-based dermal 
substitutes. Wounds 2008; 20(12): 347–353.

	12.	 Bell E, Ehrlich HP, Buttle DJ, et al. Living tissue formed 
in vitro and accepted as skin-equivalent tissue of full thick-
ness. Science 1981; 211(4486): 1052–1054.

	13.	 Wilkins LM, Watson SR, Prosky SJ, et al. Development of 
a bilayered living skin construct for clinical applications. 
Biotechnol Bioeng 1994; 43(8): 747–756.

	14.	 Ge L, Zheng S and Wei H. Comparison of histological 
structure and biocompatibility between human acellular der-
mal matrix (ADM) and porcine ADM. Burns 2009; 35(1):  
46–50.

	15.	 Zajicek R, Matoušková E, Broz L, et  al. New biologi-
cal temporary skin substitute Xe-Derma® in the treatment 
of superficial scald burns in children. Burns 2011; 37(2):  
333–337.




